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We can see there’s something we can’t see!

» Galaxies are spinning too fast, but not
flying apart!

» There’s a footprint in the CMB!

» Galaxy mergers
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So, what 1s Dark Matter?

» We know what it’s not:

» It 1s not normal matter

MSSM

» But we have no evidence about what it ' N7 Sorermmeny
could be \N )
S,
» ~50 orders of magnitude 1n viable ) > /v
mass range -

» Little restriction on how it interacts _
Theories of

(Just feebly and gravitationally) —" Dark Matter vt
>— ) o

\
» The best motivated theories -“ Q

simultaneously solve two problems: \— e Higs

» DM + Supersymmetry (WIMPs) = Avonabe Parices N\ e
» DM + BAU (~GeV Scale WIMPs)
» DM + Strong CP problem (Axions)
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Axion and ALP Parameter Landscape
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A Broadband Search for Axion-Like Dark Matter

Axion and ALP Parameter Landscape
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Axion and ALP Parameter Landscape
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Axion and ALP Parameter Landscape
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Axion Modifications to EM Lagrangian

New terms 1n the Lagrangian:

1 ~
LaEM — _Zga/yvaF,ul/F'uy

Leads to modifications to Maxwell’s Equations:

E
Vszﬁ gaW(ExVa—B@>

ot ot

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017 6



Axion Modifications to EM Lagrangian

New terms 1n the Lagrangian:
1

LaEM — _Zga/yvaF,ul/F'uy

Leads to modifications to Maxwell’s Equations:

da
VX B = 5K~ e (N— Ba>

0
A>Detector Scale
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Axion Modifications to EM Lagrangian

New terms 1n the Lagrangian:

1 ~
LaEM — _Zga/yvaF,ul/F'wj

Leads to modifications to Maxwell’s Equations:

da
VB = 2K = g (N— Ba>

0

A>Detector Scale

In the magneto-quasistatic limit, this behaves like an effective current
parallel to the magnetic field

Oa oa
VXxXB = ga'vaE = Jef = ga’Y’YBE
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A Broadband Search for Axion-Like Dark Matter

Axion Modifications to EM

- Rather than being particles (e.g. WIMPs) floating
around bumping into detector, they act as a WIMP ,
coherent axion field (similar to an E&M field) ) |

X l’lJ X1

If the local DM density (~ 0.3 GeV/cm?) is
dominated by axions, the axion field oscillates 1n

t. . . o .
ime . V2pot | Axion
a(t) = sin(mgt) _~
Mg L

\|
| §

= Constant magnetic field = effective AC current at a frequency of f= m./2mw:

Jet (t) = Garyry \/2,0DM cos(mqt)Bo

= Signal is very coherent

Af 2 —6
—_— ’U ~Y 10
f
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ABRACADABRA Secarch Principle

A Broadband/Resonant Approach to Cosmic Axion Detection with an
Amplitying B-field Ring Apparatus
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A Broadband/Resonant Approach to Cosmic Axion Detection with an
Amplitying B-field Ring Apparatus

Start with a toroidal magnet, with a fixed
magnetic field, Bo
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ABRACADABRA Secarch Principle

A Broadband/Resonant Approach to Cosmic Axion Detection with an
Amplitying B-field Ring Apparatus

Start with a toroidal magnet, with a fixed
magnetic field, Bo

Axion DM generates an oscillating effective

current around the ring
(MQS approx: 2m/ma » Rin, Rout, 1)
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ABRACADABRA Secarch Principle
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ABRACADABRA Secarch Principle

A Broadband/Resonant Approach to Cosmic Axion Detection with an
Amplitying B-field Ring Apparatus

Start with a toroidal magnet, with a fixed
magnetic field, Bo

Axion DM generates an oscillating effective

current around the ring
(MQS approx: 2m/ma » Rin, Rout, 1)

... this generates an oscillating magnetic
field through the center

Insert a pickup loop in the center of the
toroid to detect the oscillating magnetic field

(I)a(t) — gCL"}/’meaX \V 2ppM COS (mat) Gy V

Gy: Geometric factor, depends on magnet geometry
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The Challenge
1

. . O—IOHZ ‘ ’ kHZ . V:m“/%ﬂ MHZ ‘ . GHZ
To get an 1dea of the size of the effect: 4
102
mit —
- Take as an example, the geometry o / (axion-DM resonant cavity)

IAXO Projected p
(Axions from the Sun) —
ADMX Projected —— -

r:Rin:Rout/z :h/3 — 1 IIl, BmaX: ST

10—16

8ayy (GeV™)

«  For fa=10'° GeV (ma~1 neV), KSVZ 1o acD axion

(theory)

10—20

16]9 I 10|l7 l 16]5 1 10l]3
” Ja (GeV)
10~

10713 10~ 1077 1077 1073
mg (eV)

(2

3m
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The Challenge
H

. . 10-10 'z ‘ ’ kHZ IV:ma/%ﬂ MHZ ‘ . GHZ
To get an 1dea of the size of the effect: 4
102
mit —
- Take as an example, the geometry o / (axion-DM resonant cavity)
_ e — — — _ IlAXO Projected |
r — Rm Rou1/2 h/3 1 m9 Bmax ST T% 10-16 (Axions from the Sun) ADMX Projected /;//
<}
«  For fa=10'° GeV (ma~1 neV), KSVZ % 100 D
theory
10720
= B~ 5x10%T @ =240 kHz, oy o o
10722
Af'~ 240 mHz
10-13 10-11 10~° 1077 103
my (eV)

(2

3m
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g v=my,/21
. . 10710H‘z ‘ ' kHZ . [ MHZ ‘ ' GHZ
To get an 1dea of the size of the effect: 4
102
mit —
- Take as an example, the geometry o / (axion-DM resonant cavity)
_ _ _ IAXO Projected p
r = Rin — Roui/z =h/3 =1 m, Bmax = 5T T; 1016 (Axionsrom the Sum . x Projected /5//
<)
«  For fa=10'° GeV (ma~1 neV), KSVZ % 100 o
eory
10720 . 1 .
= B~ 5x10%T @ =240 kHz, 103 107 R
10722
Af ~ 240 mHz
10-13 10-11 10~° 1077 103
In the absence of a(t), this
1s a zero field region!
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A Broadband Search for Axion-Like Dark Matter

The Challenge

10 107

To get an 1dea of the size of the effect:

- Take as an example, the geometry
r:Rjn :Rou‘r/z — h/3 — 1 IIl, BmaX: ST

- For fa=10'° GeV (ma~1 neV), KSVZ

= B-~5x102T @ f=240 kHz,
Af ~ 240 mHz

Example from MRI:

- Demonstrated sensitivity Sg~ 10-7 T/Hz!'? in
SQUID R ~3.3 cm

- Scaling to R = 1m, Sp ~ 10-2° T/Hz!/?

« Access to QCD axion scale after ~2 year of
scan  (when integration time > 1/Af:

Gayy ~ Sp(t/Af)V*)

ABRACADABRA
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10—12
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A Broadband Search for Axion-Like Dark Matter

Two Readout Approaches

Exploring two SQUID based readout approaches:

M
» A broadband approach ¥ N
Scan the full frequency range in “one” Pickup 3
measurement Loop
. I.
No resonance amplification : SQUID
» A resonance amplification approach ’/AQ‘
Resonance circuit can enhance signal by Pickup L
QO = 106 LOOD /V(\J/\ﬂ_
R

“Narrow” but tunable frequency line slowly
scans through the full frequency range
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Broadband Axion Search

SQUID readout systems can measure very small AC
currents coming out of the pickup loop

«  Over ~5 — 50 Hz, the primary noise source 1s flux noise »/_\
from the SQUID
. Typical noise level is P£CkuP §
1/2 00p
Salo ~ 10750, /VHz 2
l
Below ~5 — 50 Hz, 1/f noise takes over and becomes SQUID
dominant
Cannot resolve thermal noise floor, so somewhat il
insensitive to temperature t > AL
%
Broadband only sensitivity: . N (ma ) I 1 1 1 Sl /2
ayy P
t Bumax GvV /pom
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A Resonance Enhanced Search

We can enhance the signal in a narrow frequency

window by adding a capacitor to create a RLC circuit M
A®
This can amplify the signal by Qo, in a narrow P/\ '/\
bandwidth, Ao = o/Qo . L.
Pickup |l
Resonators with Qo ~ 10° are achievable Loop /\g\ﬂ_
R
Dominant noise source becomes dissipation in the SQUID
oscillator circuit = temperature dependent
Benchmark at operating temperature of 100mK
Naive resonance scan sensitivity: >
1
4

1 1 1 kT
BmaX gVV PDM QO

gawm\/ﬂ< : )

matscan
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A Broadband Search for Axion-Like Dark Matter

Broadband Axion Search Sensitivity

v=myg/2n
10 Hz kHz MHz GHz
10 . . . . . . . . . .
——Broad: Bpax = 1 T, Ry = 1 m
— =Broad: Bpax =2 T,Ripy = 1 m
----- Broad: Bpax =5 T, Ry =1 m .
10712} Res: Bma:(na: 1T, Ry, 2 1 m Broadband Only.
Res: Bpax =2 T, Ry =1 m 1/4
Res: Bmax =35 T, Rin =1m gajfyfy O( ma
T
yd
-
1/f noise
10—20
1019 1017 fa (GeV) 1015 1013
10—22 | . ! . !
10714 10712 10710 1078 107°
m, (eV)

Note: Sensitivity 1s heavily dependent on scan strategy!
These curves are not optimal. In discussions with K.
Irwin’s group about a more optimal scan strategy.



Broadband Axion Search Sensitivity

v=mg/2n : .
. Hz Hy MHy o The MQS approximation
107 — ' ' ' ' ' ' ' ' — breaks down (2n/ma~Rin)
——Broad: Bpax = 1 T, Ry = 1 m
— =Broad: Bpax =2 T,Ripy = 1 m
_1o| | Broad: Bpux =5 T,Ripy =1 m
(e Res: Bpax =1 T,Rijy =1 m
Res: Bpax =2 T,Ripy =1m
Res: Bo =5 T.Re = 1 m Broadband search and
ADMX make
P complimentary assqmptmns,
» and so probe complimentary
ranges!
10—20
1019 1017 fa (GeV) 1015 1013
10—22 ! . |
1071 10712 10710 1078 107°
my (eV)

We have some interesting
calculations to do to understand
what happens in this regime



ABRACADABRA Program

2m

12 cm

3m

ABRACADABRA 10cm
ABRACADABRA
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ABRACADABRA-10 cm

+  We are building a 10 cm scale prototype version at MIT
- Dimensions: Rin=3cm, Rouu=6cm, h=12cm. Gy~ 5%. Bnax =1 T.

+ People: Janet Conrad, Joe Formaggio, Sarah Heine, Reyco Henning (UNC),
Yoni Kahn (Princeton), Joe Minervini, Jonathan Ouellet, Kerstin Perez, Alexey
Radovinsky, Ben Safdi, Jesse Thaler, Daniel Winklehner, Lindley Winslow

+  Funded by an $80k NSF grant

»  Expected magnet delivery in May

»  Hope to have first results before the end of 2017, though we will spend quite a bit of time
investigating different data taking configurations.
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ABRACADABRA-10 cm

12 cm

Super conducting pickup cylinder

Counter-wound
*——— superconducting coils
80 grooves with 6 windings
per groove for 240 windings

12 cm

Will be operated as a persistent
superconducting magnet

|
|
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A Broadband Search for Axion-Like Dark Matter

ABRACADABRA-10 cm

12 cm
Gr———l

Super conducting pickup cylinder

Counter-wound
*——— superconducting coils
80 grooves with 6 windings
per groove for 240 windings

12 cm

Will be operated as a persistent
superconducting magnet

|
|
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ABRACADABRA-10 cm

Hall sensor to
measure Bmax

Wire to 1nject
test signal
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A Broadband Search for Axion-Like Dark Matter

Lab At MIT

We have an Oxford Instruments Triton 400 dilution
refrigerator

Normally used for R&D for CUORE/CUPID 0vpp
Capable of a base temperature of <10 mK
+  Working volume of ~12 L

+ ~25 cm diameter by ~24 cm
height

+  Cryogen free, so does not
require He refilling

Can run ~2 weeks unattended
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A Broadband Search for Axion-Like Dark Matter

SQUIDs and SQUID Arrays

We currently have a set of Magnicon SQUID amplifier arrays
These will act as a second stage amplification to a first stage SQUID
We are looking to purchase a Magnicon SQUID current sensor
Typical noise @ 4K: 1.2 x 106 ®o/(Hz)"2, with 1/f corner at 3 Hz
Bandwidth of 6MHz

Might be able to do slightly better with SQUID amplifiers or at lower
temperatures.

Cosmic Visions: New Ideas in Dark Matter March 23, 2017



A Broadband Search for Axion-Like Dark Matter

ABRACADABRA-10 cm

v=m,/21
10-9 Hz kHz MHz GHz
10—11 B
World
leading limit
. —
% 10—13
o} Broadband
S
S0 10—15 v
| World leading limit after 1 month
- 1 month integration time of data!
10" 107 ¢ (Gey) 107 10" » SNR=1
10714 10712 10710 1078 107° » Assumes flux limited background

Ma (€V) » 1/f corner between ~3Hz — 50Hz

» Bandwidth of ~6MHz
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ABRACADABRA 10cm Prototype Goals

Questions we hope to address with the prototype:
1. Stray fields

. Shielding
. Pickup loop geometry

2

3

4. Temperature
5. Vibration

6

. Decoherence and Scan Strategies
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Stray Fields And Toroid Construction

» The advantage of this approach 1s that we are
searching for a signal in a zero field region

- 4 orders of magnitude for free!

- Need to minimize the stray fields in the
center of the toroid

- Want to keep wiring out of the center of the
toroid

- Persistent superconducting magnet to
minimize noise in the coils

» Possibly investigate a segmented toroidal
magnet

- Easier to scale up in size
- Possibly more stray fields

- Worse geometric factor, Gy

Simulation from: Byeong Rok Ko
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A Broadband Search for Axion-Like Dark Matter

/ Magnetic Shielding

» Also need to have significant shielding of
environmental magnetic fields

- Looking into encapsulating toroid in a
superconducting shield

» Johnson noise in normal conducting metals
generates magnetic field noise

- All materials must be superconducting or
insulators (or outside)

» Exploring setting up Helmholtz coils to cancel
Qarth field during cool down.

.',////u T \\\\‘\\\\

f Pickup Cylinder

» A pickup cylinder (rather than a simple wire)
reduces the inductance

» Need to design detector to be disassembled and
reassembled with different pickup configurations

\_

J
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Operating Temperature and Vibration Isolation

The operating temperature is a big question

» The toroid and shield need to be superconducting, = 1 -4 K
(depending on material, field, etc)

» The SQUIDs can operate between ~100mK and 4K, but do 40K
not need to be the same temperature as the toroid and shield 25K
» The only temperature dependence 1s the resonant circuit 700 mK
» Lower temperature reduces Johnson noise, but raises 1/f
corner = <;@— 100 mK
» Does black body radiation induce noise? 100 mK
Of course vibration can induce incoherent noise

» Microphonic noise pickup creating a noise background

» Vibration of pickup relative to toroid = stray DC B-fields
into AC B-fields
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Data Taking and Scan Strategies

Decoherence can broaden a signal line and reduce
sensitivity

+ On board timing resolution of the digitizer
High precision clock?

- How high of a data rate can we handle?

- At very low frequency, correcting for Earth’s motion

RLC Circuit Gain

An optimal scan strategy can significantly improve 10¢,
sensitivity |

- K. Irwin has pointed out that broadband data can be
collected simultaneously with resonance data

- Currently studying optimal scan approaches m,% / \__

10 10* 107 10° 107 10° 107
Frequency (H2)
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ABRACADABRA Budget Estimates

________________________________________________________________________________ ABRACADABRA-10¢cm
Dilution RefrIgerator Yo
SQUID Readout System Yoo
B\ Y4 o 1 S $80k .
S I G
e ABRACADABRA Im
GO0l Sy S I,
o Dilution refrigerator systems . O(=$1M) .
o Larger system to cool the torond
SQUID Readout SyStems
. Custom system with larger bandwidth and resonator O(s$1M) .
ST I g
o Tobedetermined
A O
o Iypical scaling number (cost driver) ...~~~ $250k/MJ
_____________________________ Rmin=Ilm, Rmax =2m, h =3m, Byax=1T ~~$12M
............................. Rmin=2.2m, Rmax =4.5m, h=6.7m, Bmax=1T___~~~~§6M
Rmin=1m, Rmax = 2m, A = 3m, Bmax= 5T $30M

*All numbers are ballpark estimates
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A Broadband Search for Axion-Like Dark Matter

ABRACADABRA Budget Estimates

________________________________________________________________________________ ABRACADABRA-10cm
Dilution Refrigerator
SQUID Readout System
At
Shielding
ABRACADABRA 1m

Same Sensitivity
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*All numbers are ballpark estimates
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A Broadband Search for Axion-Like Dark Matter

Summary

» Axions are interesting candidates for both Dark Matter and

eX|

p Al

plaining the strong CP problem

broadband search using a toroidal magnet geometry has the

potential to quickly probe into previously untested regions of
parameter space

» Long term, this type of search could hope to probe down into the
QCD axion regime

» At MIT, we are building a prototype called ABRACADABRA-10 cm
with the goal of scaling this up to a 1 m scale experiment

» We are aiming to have early results by the end of 2017

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017




Summary

» Axions are interesting candidates for both Dark Matter and
explaining the strong CP problem

» A broadband search using a toroidal magnet geometry has the
potential to quickly probe into previously untested regions of
parameter space

» Long term, this type of search could hope to probe down into the
QCD axion regime

» At MIT, we are building a prototype called ABRACADABRA-10 cm
with the goal of scaling this up to a 1 m scale experiment

» We are aiming to have early results by the end of 2017

Thank you for you attention!
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b e i e e
Broadband Sensitivity

Our benchmark geometry Rin = Rouw/2 = r = h/3:

The S/N ratio depends on the coherence time,

S/N ~ |, (t7)/4 /S48

The coherence time 1s given by

9
Ll szlms(

Mg V?

1012 eV)

Mgq

The sensitivity goes as (depends strongly on scan strategy):

Mg 1year>1/4 5T

—18 —1
Ja~vy~ > 0.3 x 10 GeV (10_12 oV P Bmax

5/2 3 1/2
(085ni>/ 0.3 GeV /cm Sa o
X
R PDM 10~ 6@@/m/
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Resonance Sensitivity

Our benchmark geometry Rin = Rouw/2 = r = h/3:

The signal and noise power goes as

m,, P2 m
Ps = = Pn = kT -
> QO 2L N 5 \/27Ttefold

+ The sensitivity goes as

10~ eV 20 days> t/4

Garvmy > 9.0 x 10717 GeV ™ (
7 g te—fold

X

57 /0.85m\”* [0.3GeV/cm® 106 T
Brax R PDM QO 0.1 K
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A Broadband Search for Axion-Like Dark Matter

Magnetic Shielding
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Axion Dark Matter Density

The axion energy matter density today 1s given by

) f e,
0 (1()12 GeV) ¢

For f; = 1016 GeV = |6 = 103 - 102

Alternatively, we can also begin with a larger misalignment angle, and
suppress the energy density by dumping entropy into the universe after

3H=m.(T) but before BBN. i+ 3Ha + mg a = 0
0; = a;/ fa 5

!

initial
misalignment

a o T3/? cos(mgt)

/

a(t)

B. Safdi

t
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A Broadband Search for Axion-Like Dark Matter

Future Directions?

We have also considered surrounding
the toroid 1n a non-overlapping
superconducting shield

- The axion induced B-field 1s
trapped 1nside, and the FULL axion

current returns through the SC
shield!

Cosmic Visions: New Ideas in Dark Matter

Overlap without touching
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Large Cold Detectors

+ Can we really cool down something that big??

Cosmic Visions: New Ideas in Dark Matter ABRACADABRA March 23, 2017



A Broadband Search for Axion-Like Dark Matter

Large Cold Detectors

+ (Can we really cool down something that big??

= Yos!

Cryogenic gravitational
wave antenna

CUORE: 1.5 t of material at 10 mK
Coldest Cubic Meter 1n the Universe!
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